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Abstract

This paper reviews three complex interactions between microwave energy
and microorganisms (bacteria, fungi, and viruses). The first interaction com-
prises the detection of viruses within human blood using a 50-Ohm transmis-
sion-line vector net-analyzer (typically 0 to 10 dBm @ 2 to 8.5 GHz) where
the blood is placed within a test chamber that acts as a non-50-Ohm discon-
tinuity. The second interaction employs 1 to 6.5 W @ 8 to 26 GHz for micro-
wave feed-horn illumination to inactivate microorganisms at an applied power
density of 10 to 100 mW ™. The third interaction is within multi-mode mi-
crowave ovens, where microorganism cell membrane disruption occurs at a
few 100 s of W @ 2.45 GHz and microorganism inactivation between 300 to
1800 W @ 2.45 GHz. Within the first microwave interaction, blood relaxation
processes are examined. Whereas in the latter two microwave interactions,
the following disruption, and inactivation mechanisms are examined: chemi-
cal cellular lysis and, microwave resonant absorption causing cell wall rup-
ture, and thermodynamic analysis in terms of process energy budget and
suspension energy density. In addition, oven-specific parameters are dis-
cussed.

Keywords

Bacteria, Fungi Virus, Hepatitis C Virus, Human Immunodeficiency Virus,
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1. Introduction

The scientific origins of vaccination and thermal inactivation of bacteria, fungi,
and viruses go back to the pioneering work of Edward Jenner (1749-1823) and
Louis Pasteur (1822-1895). By 1900, Herbert George Wells brought the idea of
beneficial and pathogenic microorganisms to the forefront in his novels “7The
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Time Machiné’ [1] and the “ War of the Worlds® [2]. The latter manifested itself
in the 1918-1920 influenza pandemic which was caused by the HIN1 virus [3].
Since 2009, the world has undergone two further major influenza pandemics
(caused by the subtype of the HIN1 [4]), and the SARS-CoV-2 virus [5]. In the
latter pandemic, wealth and political pressure have generated a global disparity
in vaccine uptake between nations, leading to travel restrictions between world
regions [6]. In addition, single-use personal protective equipment (such as surgical
masks and N95-like respirators) has become an environmental waste problem [7].
Due to the rapid spread of the Omicron variant some two years into the COVID-
19 pandemic, some nations (Greece, Christmas—New Year, 2021) have introduced
the compulsory wearing of N95-like respirators by the general public. Arguably,
the N95 particle filtering standards have brought to the limelight within the pub-
lic perception of the transmissibility of influenza viruses that have a spheroid di-
ameter of 80 to 300 nm.

This paper reviews a range of potential interactions between microwave ener-
gy and microorganisms. For example, there are a number of microwave-based tech-
nologies in the development of in-vitro rapid detection of coronavirus (COVID-
19) within human blood [8] [9] [10] [11]. These use mono-mode 50-Ohm trans-
mission-line applicators, plus in-vivo inactivation of COVID-19 of an infected
individual [12]. For in-vitro, single batch multi-mode microwave oven inactiva-
tion of bacteria, fungi, and influenza virus [13] [14] [15] [16] [17], cell membrane
disruption [16] [18], sterilization of towels [17], inactivation of Hepatitis C Virus
(HCV), Human Immunodeficiency Virus (HIV) inoculated syringe, cigarette fil-
ters [19], continuous flow inactivation of airborne and liquid-borne microorgan-
isms within modified microwave ovens have been reported [20] [21] [22]. In the
latter [22], the calorimetric calculation method was used to estimate the energy
required to inactivate bacteria in both airborne and water-borne phases. Micro-
wave Generation Steam (MGS) decontamination of virus inoculated N95-like res-
pirators within domestic and industrial multi-mode microwave ovens has also been
reported [23]-[28], along with thermodynamic analysis and dielectric considera-
tions of MGS have been explored [29] [30]. Mono-mode microwave feed-horn in-
activation of influenza virus has been examined [31] [32] [33] [34] [35].

Microwave applicators may be classified into two types: mono-mode (or sin-
gle-mode) and multi-mode. The microwave oven is a well-known example of a mul-
ti-mode applicator in which a complex electromagnetic field pattern is formed by
the superimposition of different electromagnetic waves and multiple cavity wall
reflections [36] [37] [38]. Consequently, with sufficient energy, dielectric volume
heating of organic material (food stuff, or culture fluid containing microorganisms)
may undergo non-uniform heating due to size, geometry, and location within the
oven’s multi-mode cavity [29] [30]. Mono-mode applicators, such as a 50-Ohm
transmission line produce coherent standing waves on the line, where the Stand-
ing Wave Ratio (SWR) is determined by the line impedance load termination. In-
deed, open-ended transmission lines are used to measure the dielectric proper-
ties of polar molecules such as water [39].
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This paper is constructed as follows. Section 2 examines in-vitro rapid detec-
tion of influenza virus within human blood. Section 3 looks at the inactivation of
influenza viruses by mono-mode microwave feed-horn applicators. Section 4 ex-
amines multi-mode microwave ovens technology reported for the inactivation and
disruption of bacteria, fungi, influenza virus, HCV and HIV. In this work, the term
gram-negative and gram-positive (originally used by Hans Christian Gram (1853
to 1938) who developed specific dyes to differentiate microorganisms when viewed
under a microscope) is used to differentiate microorganisms that have different
membranes or wall structures. Gram-negative microorganisms have an outer mem-
brane (Escherichia coli (E. coli) Pseudomonas aeruginosa (P. aeruginosa) and Pseu-
domonas fluorescens (P. fluorescens)), while gram-positive microorganisms (Bacil-
lus subtilis var niger (B. subtilis var niger), Candida albicans (C. albicans) and Sta-
phylococcus aureus (8. aureus)) have no outer membrane. Section 5 looks at MGS
decontamination of virus inoculated N95-like respirators. Section 6 provides a dis-
cussion on the reviewed papers, Section 6.1: virus rapid detection methods, Sec-
tion 6.2: mono-mode feed-horn inactivation of microorganism and mechanisms
of destruction, Section 6.3: microorganism sample size, geometry, and location
within microwave oven, Section 6.4: respirator metal nose clips, Section 6.5: bub-
ble formation and Section 6.6: non-thermal and thermal microwave oven inacti-
vation mechanism. Section 7 provides a summary and outlook of this work. /n-
Vivo inactivation of COVID-19 of an infected individual [12] is not considered

in this work.

2. In-Vitro Rapid Detection of Influenza Virus within Human
Blood

It is well known that normal (healthy) human blood is an amalgamation of ap-
proximately 55% plasma and 45% blood cells (erythrocytes and leukocytes and
thrombocytes). These blood cells are typically 10 to 50 time’s size of influenza
viruses. Since the early 1950s [40] [41] microwave (1.7 to 24 GHz) measurements
have shown that the dielectric constant (&,¢) of human blood exhibits an inverse
frequency dependency. Within this dependency there are at least two flat (relax-
ation) regions: fS-dispersion arising from the polarization of the cell membranes
in the 10 kHz to 200 MHz region and the y-dispersion region (near 18 GHz) due
to the reorientation of water molecules [42]. Glucose [43] [44] [45] and anti-
coagulant agents [46] are also known to alter the dispersion which has a signifi-
cant importance in biosensor diagnostics. In addition, the dispersion is known to
be gender specific [46]. Unlike most bacterial and virus infections that cause an
increase in leukocyte and lymphocyte count, recent studies of influenza virus in-
fections found a increase in leukocyte lymphocytes count [47] [48]. Given this
knowledge in vitro studies into human blood (with and without coronavirus)
within a 50-Ohm transmission-line that incorporates a blood sample test cham-
ber have been undertaken using a Vector Network Analyzer (VNA). In this con-
figuration, the test chamber plus blood acts as a variable non 50-Ohm discontinu-

ity [49] [50]. Examples of the use of both contact and non contact antenna mea-
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surements [8] [9] are summarized below.

Figure 1(a) shows a schematic of a bench-top Agilent 2-port PNA-L (VNA)
scattering parameter (S-parameter, where S, is transmission and S, is reflection)
measurement of human blood [8]. Figure 1(b) shows a typical S,, swept frequency
response, with no blood added (control; solid line) to a planer circular ring, healthy
blood (dotted line) and COVID-19 blood (dashed line). A feature of note is that
when healthy blood is in contact, the primary S,, zero frequency registration re-
duces from 4.7 to 4.38 GHz with respect to the control. When a COVID-19 blood
sample is in contact, the primary zero shifts to 5.1 GHz which equals to a posi-
tive frequency shift of 720 MHz with respect to healthy. In addition, the apex of
the shifted S, zero falls approximately from —12 to —15 dB, with respect to the
healthy blood zero. The secondly S;; zero (not shown here) is in the region of 6.5
GHz forms the beginning of a ripple that is related to the transmission-line length,
see Equation (1) [49] [50].
cV,n

21

A = (1)

where cis the velocity of light (2.997 x 10° m/s), V, is the inverse square root of
the transmission-line dielectric constant: for a polyethylene transmission-line V,

= 0.65 to 0.67. The symbol 1z is the integer number of ripples in a given sweep

a
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Figure 1. (a) VNA 2-port transmission and reflection, (b) S,; swept frequency analysis of
circular ring chamber (control; solid line), healthy blood (dotted line), and COVID-19
blood (dashed line). (c) Portable 1-port VNA and non-contact antenna measurement (S,,
and S,, phase) of COVID-19.
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range and /is the transmission-line length. With cand 2 being constant, the ra-
tio of V//enables the reflection plane to be identified and followed, particularly
at the zero that is closest to the blood resonant frequency where the greatest sig-
nal response is obtained.

In 2021, Elsheakh et al [9] reported on a portable/handheld Agilent N9918A
1-port VNA §,, measurement of continuous flowing human blood which is passed
over a microwave resonating planar microstrip antenna. In this case the antenna
does not come into direct contact with the blood, and the VNA has less dynamic
range and available output power compared to the Agilent PNA-L VNA [8]. Fig-
ure 1(c) shows a schematic of the microwave set-up. In this arrangement both
healthy blood and blood containing COVID-19 are sequentially passed over the
antenna (resonating in the 2.45 GHz industrial, scientific and medical (ISM) fre-
quency band), both of which are placed within a chamber. As a control, S-para-
meter (S,;; and S,, phase), measurements are taken without blood flow, then with
healthy human blood flow, and COVID-19 contaminated human blood flow. In
these three measurements the length of the transmission-line between the VNA
and antenna induces a ripple in the frequency response according to the test cham-
ber impedance [49] [50]. At present, logistic regression analysis of theses mea-
surement have yielded a binary outcome (positive or negative COVID-19). Us-
ing 66 samples the authors claim a COVID-19 detection accuracy of 63.3% for S,
and 60.6% for S;, phase measurements both of which compare favorably with

current molecular polymerase chain reaction tests.

3. Inactivation of Influenza Viruses by Mono-Mode
Microwave Feed-Horn Applicator

Inactivation of microorganism using mono-mode microwave feed-horn irradia-
tion has been reported by a number of research groups [31] [32] [33] [34] includ-
ing a US Patent [35]. Generally the microwave feed-horn applicator comprises a
frequency source, amplifier, and feed-horn that illuminate the virus suspension.
However there are three means of energy illumination. Figures 2(a)-(c) shows
three such means of illumination: direct broadband swept frequency illumina-
tion [35] Figures 2(a), direct narrowband frequency illumination Figures 2(b),
and parallel reflectarray and focusing reflectarray Figures 2(c). In the case of
Figure 2(b) and Figure 2(c) [31] [33] it has been established that the optimum
operating frequency for influenza virus inactivation is in the frequency range of
1,= 8.0 to 8.5 GHz. Examples of virus inactivation by microwave feed-horn illu-

mination by Hung et al. and [32] and Yang et al [33] are given in Section 3.1.

Virus Inactivation by Microwave Feed-Horn Illumination

In 2014, Hung et al. [32] has used a microwave focusing reflect array (Figure
2(c)) operating at a power of 1 W continuous wave (CW) at 8 GHz to inactivate
influenza virus subtype H3N2. The virus was immersed in a culture fluid sus-

pension within a 10 cm? flat Petri dish with a focal point distance of 178 mm from
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Figure 2. (a)-(c) Three examples of microwave feed-horn used for illmination of virus.
(a) Direct broadband swept frequency illumination [35], (b) direct narrowband frequency
illumination [32], and parralel reflect array, and fousing array illumination [33] (c).

the focusing array. Their findings revealed, that for a 15 minute irradiation ex-
posure time with a power density of 27 mW-cm ™ that an inactivation efficiency
of 93 % was achieved within the focal area could be obtained.

Yang et al. 2015 [33] used direct microwave illumination (Figure 2(a)) to in-
activate influenza virus subtype H3N2 in the 8.0 to 8.4 GHz range. The input power
to the feed-horn was 3.6 W CW at 8.4 GHz. For a similar exposure time of 15
minutes to that of Hung [32], a calculated average illumination power density of
81 mW-cm ™ was found to produce a subtype HIN1 and H3N2 suspension inac-

tivation efficiency in the region 90% to 100%.

4. Inactivation of Bacteria and Virus within Domestic
Multi-Mode Microwave Ovens

This section outlines how multi-mode domestic microwave oven can be used for
the thermal and non-thermal inactivation studies of homogeneous microorgan-
ism populations. In each case the microwave power source employs a free-running
cavity-magnetron frequency is £, = 2.45 + 0.1 GHz. Normally the magnetron man-
ufactures stated power, is calibrated using the open water bath method, where the
temperature rise of water (1000 ml) is measured over time for a given power lev-
el setting [29] [30] [51] [52] [53], based on Equation (2).

p=mciL 2)
t
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where Pis power (W, or J-s™"), m is the mass (g) of water, Cis heat capacity (4.184
J-g“K™") of water, A T'is the change in water temperature (final temperature minus
the initial temperature), and ¢is the heating time measured in seconds. Given this
method of power calibration for a domestic microwave oven, at full power the
cavity-magnetron operates in the CW mode, or duty-cycle (D) = 100%. For power
settings below full power, the cavity-magnetron is sequentially pulsed on and off.
For example, a power setting that employs D = 50%, the on-period (¢,,) is equal
to the off-period (z,. Thus for the ¢, period, the microorganism suspension un-
dergoes dielectric volume heating, and in £, ,the microorganism suspension cools
under conduction processes throughout the suspension volume. For the purpose
of this work, the terms: non-thermal microwave and thermal microwave inacti-
vation are used. Figure 3 shows the first series of ¢, and ¢, pulses, with the sus-
pension not cooling to its initial temperature. Under these conditions the suspen-
sion experiences a step-like incremental increase in temperature over time [53]
[54].

The study of microorganism membrane disruption normally requires sublethal
conditions, the technique of non-thermal [16] (or, athermal [18]) microwave ir-
radiation has between developed for this purpose, where the aim is to remove, or
lower, the induced thermal heat thereby attempting to isolate the microwave ir-
radiation effect (Figure 3). This is achieved by cooling (26°C - 29°C [16] [18])
the vessel containing the microorganism suspension in the microwave oven and
using a D < 100%. For air forced cooling of organic compounds see [55] [56]
[57]. The thermal heat is thus removed at the containing vessel wall and by con-
duction thought out the suspension in the ¢, period. In practice, most domestic
microwave oven control circuits have a £, period limited to 15 to 30 seconds to
protect the cavity-magnetron’s cathode [52]. This may lead to a situation where
a selected minute process time at medium to low power results in 7, = 7, whi-

ch equates to 30 seconds of microwave irradiation and 30 seconds no irradia-

tion.
dielectric volume heating dielectric volume heating
P -
P \ .-
7 e

o , \ , s

3 ’
B , \\ ’
=085} / ’
& \ ’
& & 4
3 g / \ . 4
© 3 non-thermal \  cooling 4 non-thermal
g3 ;. heating s / heating
8 g S /
g8 / RS

@ ~ !
o A / ~ o
a2 | | "y

\f) I8¢ T,, period I** T,period 20 T, period

moding within
warm-up period: typically 3s

Figure 3. Schematic of thermal and non-thermal microwave heating within a domestic
microwave oven. Thermal microwave dielectric volume heating (solid line) and non-thermal
dashed line.
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4.1. Multi-Mode Microwave Oven Batch Processing of
Microorganisms

This section describes single batch in-vitro processing of microorganisms. The
vessels considered here are: beaker, flat Petri dish, kitchen pads, syringe towels,
and N95-like respirators. Figure 4(a) and Figure 4(b) shows the location of beak-
er, flat Petre dish, and syringe within a microwave oven. Depending upon the ref-
erence paper (13 - 19, 23 - 28) the inactivation is given either as a Log,, reduction
(Log,,(A/B), or percentage reduction (A — B* 100/A) as a function of experiment
conditions. Where the inactivation is reported as total, an equivalent log reduc-

tion of 7 is given [58].

4.2. Multi-Mode Microwave Oven Batch Treatment of E. Coli

In 1992, Fujikawa et al. [13] studied the inactivation kinetics of a gram-negative
E. coli suspension within a RE-S650 - Sharp Corporation microwave oven. The
study was performed as function suspension geometry (cylindrical beaker (200
ml) or flat Petri dish (109 mm diameter x 17 mm high), phosphate buffer and
pH suspension, exposure time (0 to 4 minutes), a fixed rated power level of 100,
200, 300 W with sample placed on a 2.46 rpm glass rotating carousel (Figure 3(a)
and Figure 3(b)). They found for each unit volume of bacterial suspension, the
temperature (7) and bacterial survival rate after a given microwave exposure are
a functions of suspension pH, suspension, location, geometry (beaker of flat Pe-

tri dish), and exposure time (see Table 1).

b
(a)( \ Magnetron ®) ( \ Magnetron
Microorganism
beaker
Waveguide ]f\]/gtclr)()e(z:igggﬁm Waveguide
. # s v
= C 1 o= Carousel
arouse =
S motor = motor
(c) . .
( \ a. front view of MO with beaker

Magnetron  b. front view of MO with flat Petri dish

- (or syringe)
c. top view of MO with continuous flow tube
*V-mr! ~ 0 at cavity wall coners

Waveguide

- Y/

Microorganism continous flow tube

Figure 4. (a)-(c) Cartoon of multi-mode microwave ovens for inactivation of microor-
ganism. (a) Batch location of microorganism: beaker [13] [14] [18], (b) flat Petri dish [16],
syringe [15] [19] towels [17], and (c) continuous flow tube [20] [21] [22].
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Table 1. Multi-mode microwave thermal inactivation of gram-negative E. coli [13] [14]
[15] [16].

Beaker, s Inactivation
. Thermal (°C) Power Exposure
Reference  flat Petri dish, X . (Log,,
. Non-thermal (°C) (W)  time (s) ,
syringe reduction)
Beaker 200 ml Thermal (~60°C) 100 240 ~5log,
Beaker 200 ml Thermal (~60°C) 200 150 ~4log,,
[13] Beaker 200 ml Thermal (~65°C) 300 90 ~6log,
Beaker 200 ml Thermal (~60°C) 200 150 ~4log,,
Flat Petri dish Thermal (~40°C) 200 90 Non change
[14] Beaker 500 ml Thermal (~70°C) 600 60 ~5log, *
Sponge (7.37 cm®* ~ Thermal (~92°C
. ) 1050 60 ~7log,,
6.43 ml water) inside, 80°C surface)
Scrubbi d
(15] C(r4u1 6;rlcgmpsia Thermal 1050 120 4lo
’ ’ (~84°C surface) 810
10.94 ml water)
Used 10 ml Thermal
- . 1050 240 ~7log,,
plastic syringe (~80°C surface)
Flat Petri dish Thermal (~52°C) 650 20 ~1log,,
[16]
Flat Petri dish Thermal (~70°C) 650 40 ~7log,*

*Leakage of nucleic acid in suppression, cell membrane disruption via puncturing of the
cell membrane.

Woo, Rhee and Park 2000 [14] used a MR301M-LG Electronics, Inc., micro-
wave oven for inactivation of E. coli and B. subtilis suspensions. After each mi-
crowave thermal inactivation experiment they measured the nuclei acid within
the suspension and imaged the bacteria outer surface using a Scanning Electron
Microscope (SEM) and Transmission Election Microscope (TEM). The E. coli
suspension temperature and inactivation data is given in Table 1.

Later in 2006, Park et al. [15] studied inactivation of E. coli inoculated kitchen
sponge (3.17 x 3.37 x 0.69 cm), kitchen non-metallic scrubbing pad (9.06 x 7.07
x 0.65 cm), and 10 ml-plastic syringe within a RE-S630D0 - Sharp Corporation
microwave oven (Figure 3(a) and Figure 3(b)). The material of the sponge foam
and scouring pads are not given, but given related patent information at the time
the martial used is most likely to be open-cell polyurethane foam and non-woven
nylon, respectively [59]. The inactivation was performed as a function time at a

fixed cavity-magnetron rated power of 1 or 1.1 kW (reported here as 1050 + 0.050
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W). In addition, thermal temperature measurements were performed to estimate
the E. coli suspension temperature throughout each inactivation experiment.
Their results are given in Table 1.

Asay et al. 2008 [16] studied thermal and non-thermal (26°C + 1°C) micro-
wave inactivation of 10 ml £. coli suspension within a flat Petri dish, placed on a
rotating glass carousel within a ER-754BTC Toshiba microwave oven (Figure 3(b)).
The power was set to # 5 out of 9 levels, where 9 is maximum cavity-magnetron
rated power of 650 W). The temperature and inactivation as a function of both
power and time are shown in Table 1. In addition, propidium iodide staining
(the uptake is inversely correlated with cell viability due to loss of membrane in-
tegrity) and S-galactosidase assay (an indicator of thermal protein denaturation)
were performed. The thermal microwave inactivation results are shown in Table
1, while the non-thermal results are given in Table 2.

In 1998, Tanaka et al reported on microwave oven sterilization of moist to-
wels that where inoculated using (1 ml aliquots on 7 x 7 cm gauze) of S. aureus,
P. aeruginosa and C. albicans. The microwave oven (Corona Co., Ltd., Tokyo)
[17] had a rated microwave power of 500 W and irradiation time of 1 minute for
a single moist towel and 2 minutes for three moist towels. Section 6 gives further
information on this study.

In 2006, Benett et al. [18] reported on microwave non-thermal disruption of
E. coli suspension within a 50 ml beaker that was cooled by an ice bath (20°C to
29°C) when microwave irradiated within a Panasonic microwave oven (Mn-5853C;
rated cavity-magnetron power = 800 W). Microwave irradiation exposure was
performed at a medium-low power setting for: 15, 20, 25, 30, 35, and 40 s. After
exposure, propidium iodide staining was performed to investigate membrane in-
tegrity. Colonies where also counted for cell viability. The sample temperature and
disruption data is given in Table 2. Their viability experiment revealed a decrease
in viable cell count from ~9.8 x 10° at 15 s; ~9 x 10° at 20 and; 6.4 x 10° cell ml™
at 25 s. This was followed by a leveling-off cell count in the 30, 35, and 40 s ex-
posure times with a mean value of ~5.3 + 0.5 x 10° cell ml™.

In 2016, Siddharta et al [19] reported upon the microwave oven inactivation
of HCV and HIV contaminated syringes and cigarette filter papers with the aim

Table 2. Multi-mode microwave non-thermal membrane disruption of gram-negative E.
coli[16] [18].

Beaker, Non-thermal Power Exposure Stain

Reference . . . .
flat Petri dish ()] (W) time (s) observation

Outer

o Non-thermal
[16] Flat Petri dish . . 650 20-40 membrane
(26°C+1°C)

disruption
Beaker 50 ml, . Outer
. Non-thermal  Medium to
[18] cooled in 500 ml (20°C-29°C) 1 25% membrane
- ow power
crushed ice bath P disruption
* Exposure time where cell viability count leveled-off.
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to mimic re-use within a population of People Who Inject Drugs (PWID). A Bosch
microwave oven (type: MM817ASM, cavity-magnetron rated power of 800 W) was
used for this purpose, along with insulin syringes (40 ml, with needle removed),
and slim cigarette filters (6 x 15 mm). For the syringe, a HCV and/or HIV suspen-
sion is used to spike the syringe. While to mimic storage of used cigarette filters,
the virus suspension was allowed to be soaked-up (approximately 0.5 ml [60]) by
the filter and then dried in household foil. Table 3 provides the temperature and
inactivation data for an irradiation time of 3 minutes at 90, 180 and 360 W for con-

taminated syringe and cigarette filter papers.

4.3. Microwave Oven Continues Flow Gram-Positive and
Gram-Negative Microorganism Inactivation

In 2010, Wu and Yao [20] reported on a modified microwave oven continuous
flow inactivation process for bacteria (gram-positive B. subtilis var niger and
gram-negative P. fluorescens) and mold fungi (gram-positive A. versicolor). A
commercial microwave oven (Midea Inc, Foshan, Guangdong Province, China)
was used for this purpose (Figure 4(c)). This works reports the magnetron op-
erating power conditions: full CW power = 700 W (100% duty cycle (30 s in 30
s), duty cycle 12 s in 30 s for medium power (384 W), and duty cycle 5.1 sin 30 s
at the low power setting (119 W). Both airborne and liquid-borne microorgan-
ism suspensions were microwave irradiated at pre-set microwave power levels of
119, 384 and 700 W for exposure times between 1 and 3 minutes. Table 4, gives
the microorganism inactivation (survival rate) as a function experiment condi-
tions. Both SEM and TEM imaging were performed on the microorganisms after
microwave irradiation.

Further in 2014, Wu and Yao [21], reported on airborne and liquid-borne
survival rate/inactivation of MS2 bacteriophage (a surrogate for the 2009 pan-
demic HIN1 influenza virus) using the same modified microwave oven (Figure
2(c)) and power level setting as reported in [20]. The aerosol oven exposure times

used were: 1.7, 2, 3, and 5 minutes. Table 5 gives the microorganism inactivation

Table 3. Multi-mode microwave thermal decontamination of HCV and HIV spiked insu-
lin syringe and cigarette filter [19].

Virus Inactivation

3 minute exposure time 9O W 180 W 360 W

No ch No ch ~41
Insulin syringe—HCV o ':mge ¢ ':mge (1g10
(~33°C) (~52°C) (~70°C)

No ch No ch ~41
Insulin syringe—HIV e flnge oc ?nge (1810
(~33°C) (~52°C) (~70°C)

No ch No ch ~41
Dried cigarette filter—HCV e zomge oc z:nge oogw
(~33°C) (~52°C) (~70°C)

No ch No ch ~41
Dried cigarette filter—HIV o change o change %810
(~33°C) (~52°C) (~70°C)
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Table 4. Multi-mode microwave thermal inactivation of gram-positive and negative mi-

croorganisms under continuous flow conditions [20].

Microorganism Inactivation (survival rate)

(exposure time) 119W 384 W 700 W

Airborne (1.5 minutes)

B. subtilis var niger 35% 44% 35%
P. fluorescens 21% 12% 6%
A. versicolor 25% 20% 11%

Liquid-borne

B. subtilis var niger (1 minutes) 100% 35% 28%*
B. subtilis var niger (2 minutes) 100% 22% 49%*
B. subtilis var niger (3 minutes) 46% 25% 0%*
P. fluorescens (1.5 minutes) 0% 0% 0%*
A. versicolor (1.5 minutes) 0% 0% 0%*

The gray text denotes that P. fluorescens is classified as gram-negative bacteria. *SEM and
TEM images showed visible damages to the microwave-irradiated liquid-borne.

Table 5. Multi-mode microwave thermal inactivation of MS2 bacteriophage under con-

tinuous flow conditions [21].

Inactivation (average survival rate)

Microorganism

119W 384 W 700 W
Airborne
MS2 (resident time 1.7 minutes) ~50% ~35% ~10%*
Liquid-borne

MS2 (2 minutes) ~74% ~44% ~6%*
MS2 (3 minutes) ~44% ~17% ~4%*
MS2 (5 minutes) ~18% ~6% ~5%%*

*SEM and TEM images showed visible damage to MS2 bacteriophage.

(survival rate) as a function experiment conditions. Scanning electron micro-
scope and TEM imaging of 700 W irradiated microorganisms highlighted the
presence of visible damage to both cell membrane and elements within the cy-
toplasm.

In 2019, Wang et al. [22], reported on continuous flow airborne and liquid-
borne inactivation of gram-negative E. coli. The continuous flow tube having a
100 mm diameter, 1 mm wall thickness positioned within a microwave oven (M1-
L213B, China), Figure 2(c). The microorganisms were irradiated at a microwave
power level of 700 W between with flow adjusted to produces exposure times

between 0 and 20 minutes. Table 6 gives the E. coli inactivation as a function
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Table 6. Multi-mode microwave thermal inactivation of gram-negative £ coli continuous
flow (airborne and liquid-borne [22].

Microorganism .
. . Inactivation (700 W)
20 s and 5 minutes exposure time

Airborne E. coli (20 s) 2.6 log,, (22°C)
Airborne E. coli (5 minutes) Total (40°C)
Liquid-borne E. co/i (20 s) 0.6 log,, (~22°C)
Liquid-borne E. coli (5 minutes) 2.45log,, (~75°C)

of airborne and liquid-borne microwave power and exposure time. In their analy-
sis they used the calorimetric calculation (Equation (3)) to measure the heat in-

volved in raising the temperature of air and water.

0 =mCAT 3)

where Qis the specific heat (J), m is the mass (g) of the substance, Cis heat ca-
pacity (J-g™"-K™") of the substance, and A T'is the temperature change of the sub-

stance.

5. MGS Decontamination of Virus Inoculated N95-Like
Respirators

In a response to the 2009 and 2019 influenza virus pandemics, experimental
studies in to MGS decontamination of bacteria and influenza virus inoculated
N95-like respirators have been reported [23]-[28]. The aim of these studies was
to kill the microorganisms whilst keeping the physical and visual properties of
the respirators intact with a view to re-use the respirators. Like the decontamina-
tion of HCV and HIV inoculated syringes and cigarette filters [19] there is a tem-
perature limited processing widow for N95-like respirators. Below 70°C it is found
that there is insufficient: virus inactivation, whereas at the boiling point of water
(100°C) and prolonged irradiation times there is a loss of respirator filter void, loft,
structural failure at respirator component interface, plus metal noise clip burning.
To improve the understanding of the MGS decontamination process window,
a thermodynamic analysis of the process along with dielectric considerations have
been reported [29] [30].

As detailed in Table 7, the thermodynamic analysis can be carried out using
Equations (2) and (3) to estimate the energy input and energy output (Q), and liq-
uid-phase water conversion into steam for six bacteria and virus inoculated N95-
like respirators studies. It was found that many of the experimental variables
(rated and applied power) were not reported sufficiently; data mining of sup-
porting research papers and commercial information was undertaken. With
this approach, an estimation of the process energy budget and its pathway be-
tween raising temperature of the liquid-phase water and the production of
steam was made for each microwave oven. The analysis of N95-like respirators

outcome with the associated process energy input also allowed meaningful
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Table 7. Multi-mode thermal MGS decontamination of inoculated N95-like respirators.

Microorganism

Bergman [23]

HI1N1 influenza virus [24]

MS2 bacteriophage [25]

H5N1 Influenza virus [26]

MS?2 bacteriophage [27]

S. aureusbacteriophage [28]

Energy input calculations Energy output calculations
Power Energy = Water  Temperature Q Energy steam  Liquid (g),
W) k) (2) change (DT) (k])  conversion (k])  steam (L)
25
750 90 100 80 335 56.5
41.7
52.2
1250 150 100 76.5 32 118
87.2
20.3
750 65.5 60 78 19.6 45.9
34
59.2
1250 150 50 78 16.3 133.7
98.8
1100 81.8
202.5 60 78 19.6 185.3
1150 136.6
42
2x mag 900 162 200 80 66.9 95.1 702

The grey shading average measured rather than a rated cavity-magnetron power.

recommendations to made in choice of a suitable microwave oven for MGS de-
contamination purposes. This approach can be applied in the assessment of fu-
ture microwave oven designs for MGS decontamination processes, along with
redesign rules of N95-like respirators that enables them to survive the MGS

decontamination process.

6. Discussion

The paper has reviewed microwave in-vitro contact and non-contact detection
of COVID-19, microwave disruption and inactivation of microorganisms (bac-
teria, fungi, and virus), and MGS decontamination of N95-like respirators. A dis-

cussion on these microwave processes now follows.

6.1. In-Vitro Microwave Rapid Detection of COVID-19

Proof of principle of in-vitro microwave rapid test measurements have been es-
tablished, further work is required to define if the tests may be implemented in a
blood bank within hospitals and health centers. As these tests require blood to be
taken from the consenting patient, injection hesitancy [61] may prove to a pro-
hibitive barrier if the tests are used to control travel at international airport, sea-
ports, and land-boarders.

6.1.1. VNA Choice

Notwithstanding injection hesitancy, to enhance the probability of the uptake of
these invasive tests, there is a need to demonstrate a predictive accuracy compa-
rable to current molecular polymerase chain reaction and lateral flow tests, and

at completive cost. With regard to cost, the choice of whether to use a portable/han-
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dheld or bench top VNA is a significant factor, as many portable/handheld VNA
have low dynamic range (typically 95 dB) and output power (typically 0 dBm) as
compared to a bench top VNA that have a typical dynamic range of 125 dB and
output power of 0 to 10 dBm. It is, therefore, important to compare directly the
measurement resolution of different VNA’s within future 7n-vitro rapid detection

experiments.

6.1.2. Microwave Frequency Band Selection

There is now considerably evidence that healthily human blood and COVID-19
infected blood has microwave frequency dependency response away from the
2.45 GHz. Human blood relaxation measurements [39]-[46], swept frequency
rapid detection experiments [8] [9], microwave feed-horn illumination experi-
ments along with microorganism confined acoustic vibrations theory [31] [32]
[33] [34] [35] indicate the frequency band of interest is between 8.0 to 10 s of
GHz.

6.1.3. Contact or Non-Contact Antenna Design

The research into biosensors is a rapidly expanding field of interest. For micro-
wave detection of COVID-19, the question whether contact or non-contact pla-
nar microstrip antenna provides the most detection sensitivity and selectivity is

an important area of future research.

6.2. Mono-Mode Feed-Horn Inactivation of Microorganism

It is generally accepted that the microwave electric field energy couples to the
dipole of polar molecules. Recently, it has been proposed that cytoplasm RNA
(ribonucleic acid) within the virus spheroid volume collectively act as single dipole
in the 8 GHz frequency range. Thereby allowing microwave energy to couple into
the mechanical (acoustic) vibrational lowest mode (/= 1) [31] [32] [33] [34] [35].
This energy transfer phenomenon is termed Microwave Resonant Absorption
(MRA) [30] [31], or Structure Resonance Energy Transfer (SRET) [33] [34] [35].
As this method of cell destruction becomes more widely accepted, longitudinal
modes within rod-like shape viruses have also been examined in the 6 to 40 GHz
range [34] [35]. Inherently, the mechanism assumes that an internal force displace-
ment must overcome the rupture pressure of a solid boundary membrane, how-
ever further experimental and theoretical work is required to account for cell lysis
[14] [16] [18]. A further feature of note is that MRA (SRET) closely resembles the
simple theory of diocotron mode (/= 1) [62]: is association thereby provides ad-

ditional investigation.

6.3. Microorganism Suspension Size, Geometry, and Location
within Microwave Oven

Since the multi-mode microwave oven was first patented for treating food-stuff
[63], it has been known that dielectric material (polar molecule, such as water and

food-stuff), size, geometry, and location within the ovens cavity presents a number
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of non-even heating challenges [64] [65]. It is standard practice that once heated;
the food to be eaten should stand for a few minutes for conduction and convec-
tion processes to transmit heat throughout the food [66]. However, Geedipalli et
al. [54] showed that food placed upon glass rotating carousel upon improved food
temperature uniformity by 40%.

In 2002, Hou$ova and Hoke [67] studied the dielectric volume heating of small
amounts of water (<250 ml) within four different domestic microwave ovens and
found it to be oven-specific due to the oven’s cavity size and position of the wa-
ter load within the oven cavity. Above 250 ml of water, no dependence upon geo-
metry of glass beaker and flat Petri dish could be derived for these domestic mi-
crowave ovens. An example of which is the Moulinex microwave oven; type FM
2915Q that has a rated power output 850 W, with a non-rotating glass shelf. They
based their findings on Equation (4) [22] [37] [38] [53] [68] [69].

P = 27:/’,905:"|E|2 4)

where P, is power density in the load (W-m™), the 2nfg,e” term represents the
dielectric conductivity (o) of the load, where fis the microwave frequency (2.45
GHz), ¢, is the permittivity of free space (8.854 x 107> F-m™"), £”is the dielectric
loss of the load, and Eis the electric field strength inside the load (V-m™) at the
local position (x, y, z) within the multimode cavity. From this they calculated the
relative absorbed power (P/P,,,), where P, is the amount of heated water, and
P, is the power absorbed by 1000 ml of water.

In this context the aliquots of microorganisms suspension reported in Table 1
and Table 2; 7.e, 100 ml [13], 100 ml [14], 10 to 100 ml [15], 10 ml [16], and 50
ml [18] inactivation outcome is most likely to be oven-specific.

Given the theoretical maximum cavity unloaded Q-factor (Q,) may be defined
as in Equation (5) [52] [68].

2V

0, = 5Ac (5)

c

where V_ is the cavity volume, J is the electrical skin depth of the cavity wall
conductivity (typically 5 microns) and A is the cavity wall area. Thus, Q, is de-
fined as the ratio of stored energy in cavity to the energy loss to the cavity walls.
Under load conditions the cavity Q-factor falls and is redefined as Q, (Equation
(6)) where V;is the load volume.

2(v.-7)
Q,——MC (6)

A worked example is given here. Introducing a small load volume (V, ~ 100
ml (1 x 10 m’) into the Moulinex oven (cavity volume = 0.0238 m’, surface
area = 0.5 m?) reveals a Q-factor reduction from 19,040 to 18,960, or a 0.42%
reduction. Under these load conditions, it is reasonable to assume that the ovens
electric field pattern is not significantly altered and remains in a high Q mode
where the electric field intensity alternates between high (hot-spots) and low

(cool-spots) every ¥4 wavelength (~6.1 cm). This would indicate that the central
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vertical axis of glass shelf were the load is placed experiences a hot-spot. Indeed
multi-mode cavity, 3-dimensional (x; y; z) multiphysics models provide evidence
for this assumption [53] [54] [69]. By extension, it is assumed that the medical
syringe inactivation data reported in [15] [19] and towels [17] are comparable to

each other and the flat Petre dish inactivation date.

6.4. Respirators Metal Noise Clips and Bubbles within a
Microwave Oven

In some MGS decontamination studies it has been recorded that a metal nose-clip
sometimes causes local burning damage in certain respirators models. It has been
proposed that the mechanism for the burning damage is due to the metal noise
clip acting like a microstrip operating in a quasi-transverse electromagnetic
(TEM) mode [30]. Under these electromagnetic conditions and as the MGs de-
contamination proceeds with increasing temperature, the microstrip surrounding
air is replaced by water vapor and ultimately steam causing the microstrip phase
velocity to decreases with time. Thus the microstrip standing wave reduces in
physical length resulting in short- and open-circuit nodes to momentarily align
with protrusion and sharp edges of the metal nose clip causing high voltage stress

points that lead to local heating and burning of the respirator polymer material.

6.5. Bubble Formation within a Microwave Oven

In this work the dielectric properties of the microorganism and suspension fluid
are considered to have similar values at room temperature. However after a pe-
riod of dielectric volume heating of the virus suspension the liquid-phase approach-
es saturation temperature, where bubble nucleation is promoted, and which grow
in size, and then float to the free-surface where heat is lost from the bulk of the
liquid-phase. As the bubbles grow in number a heterogeneous two-phase mixture
develops, were the dissolved nature of the air bubbles alters the balk dielectric con-
stant and is defined as (&,) where the subscript m is the liquid-bubble mixture. One
way to calculate the binary mixture effective dielectric constant is to use a mod-
ified Looyenga cubic mixing formula [30] [53] [70] [71]. Equation (7) gives Loo-
yenga’s binary formula where the subscripts denote the liquid and gas vapor phase

and a, is the vapor fraction.
3
e, =|:(8;,/3—6‘11/3)ag+6‘11/3:| (7)

For MGS decontamination of thermally sensitive N95-like respirators that begin
to deform at temperatures close to 100°C, it is worth noting that knowledge of
bubble formation is beneficial as these bubbles should help to prevent superheat-
ing.

6.6. Non-Thermal and Thermal Microwave Oven Inactivation
Mechanism

Microwave dielectric volume heating of polar molecules undergoes polarization

and relaxations in their dipoles [36] [37] [64] [65] generating a faster mechanism
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than thermal heat transfer due to conduction of heating from the outside of the
vessel that hold the water. However, within the physical and engineering
sciences is has been uncertainty if microwave irradiation alone can cause death
in biological systems [72], whereas with more certainty thermal heating is
known to cause microorganism inactivation > 50°C [13]-[18] [53] [54] [55] [56]
[58] [73] [74]. It is also known that inactivation of microorganism heterogene-
ous populations tend to follow a non-first-rate law [73] and microorganism
homogeneous populations follow a first-order-rate law. In this work the inacti-
vation of microorganism homogeneous populations has been reviewed and as-
sumed to have a first-order-rate of inactivation, [C] = [C,]e*. Where [(] is the
reduction microorganism concentration, [C,] is the initial microorganism con-
centration, kis the rate constant, and ¢is time.

A comparison of thermal and non-thermal microwave disruption and inacti-
vation (=4 log,,) of microorganisms is shown in Figure 5, where temperature is
plotted on the horizontal axis and exposure time on the vertical axis. The mi-
crowave data is taken from Tables 1-3. In addition, thermal heat inactivation
data is taken from [58] is also plotted. For the non-thermal microwave disrup-
tion studies, even though applied microwave power levels of 200 to 650 W are
used, the dataset is in the low temperature range (20°C to 29°C). Whereas, the
thermal microwave inactivation data is in the higher temperature range (50°C to

86°C) and is separated into two groups that are characterized by their applied

40 -
\‘\ Thermal heating
35 o ,
y=-1.388x+101.5
30 1 N X
25 1 \\
z \
"] \
N \
2 20 X\
£
] 15 o )K \\‘ X
£
10 + *
y=-0.111x+9.259 \“ Syringe
5 o X N Hev .Sponge
M non-thermal Pad
04— — — : : | 1 L
13 25 35 45 55 65 ) 85
-5 N
Temperature (°C)

Figure 5. Thermal microwave, non-thermal microwave, and thermal treatment of micro-
organisms plotted as a function of time and temperature. The inactivation data point
represents a >4 log,, reduction. E coli suspension; non-thermal microwave blue circles. E.
coli thermal microwave (open squares) plus HCV and HIV (open triangle). E. coli soaked
kitchen sponge and pad, and used syringe (red squares; 1.05 £ 0.050 kW). Thermal inac-
tivation of SARS-CoV-2 suspension data (open stars with trend-line) is taken from [58].
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microwave power (suspension fluid, syringe, and cigarette filters (100 to 650 W),
and inoculated sponge, kitchen pad and syringe (1 to 1.1 kW)). The culture fluid
suspension dataset, that includes HCV and HIV, has a 7-point trend-line of —1.1113
and temperature intercept of 74°C. In comparison the soaked sponge, kitchen
scouring pad, and used syringe dataset has a higher temperature intercept of 88°C
indicating a greater microorganism resilience on/in these fomites with respect to
the liquid suspension. Note, the syringe requires 4 minutes for E. coli inactiva-
tion compared with the 1 and 2 minutes for kitchen sponge and kitchen pad. The
thermal inactivation 8-point dataset trend-line is —1.3889, or approximately 12.5
times slower rate than the thermal microwave data, indicating a difference in inac-
tivation mechanisms.

Figure 6 uses the same temperature x time domain as in Figure 5 to provide a
comparison of thermal microwave inactivation (24 log,,) of microorganism
suspension, syringe, cigarette filter, plus inoculated N95-like respirators. The mi-
crowave data is taken from Table 1, Table 3 and Table 7. Here it is seen that the
data point spatial spread is separated into three groups. That is, the E. coli suspen-
sion and HCV and HIV inoculated syringe, and cigarette filter at the lower 60°C to
70°C range with an associated power of 1 to 1.1 kW, Inoculated kitchen sponge,
kitchen scouring pad and plastic syringe in the 80°C to 90°C and associated 1 to
1.1 kW, and the N95-like respirators temperature being defined by the boiling
point of water (100°C) at one atmospheric pressure with an associated power of

0.75 to 1.25 kW. It is concluded from this study that three temperature groups

10

9 E

Time (minutes)

4 0 Syringe

37 N HCVHIV
: O 360W

27 5080_11650“; B Songe O1.1-125kW

O 0 00.75- 1.8 kW

1 A El Ml Pad

@!1.1-115kW

30 40 50 60 70 80 90 100 110 120
Temperature (°C)

Figure 6. Thermal microwave inactivation (=4 log,, reduction) of microorganisms plot-
ted as a function of time and temperature. E. coli suspension; thermal microwave open
squares circles. HCV and HIV suspension open square with triangle (360 W). E. coli in-
oculated sponge, kitchen pad, and syringe: red squares (1.05 + 0.050 kW). MGS deconta-
mination of N95-like respirators: open circle (0.75 and 1.8 kW), close blue circle (1.1 and
1.25 kW), and closed red circle (1.1 to 1.15 kW).
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do not relate to the reported cavity-magnetron rate power and applied power. In-
deed, the variance in the power groupings appears to be both oven-specific and
fomite-specific.

Figure 7 provides an energy phase-space projection of process energy budget
(kJ) on the horizontal-axis against the specific energy density of 1 ml of water
liquid-phase (kJ-ml™") on the vertical-axis. Within the microorganism suspen-
sion dataset (beaker, sponge, scrubbing pads and MGS), thermodynamic analy-
sis is used to provide further process clearly. In this projection least square trend-
line can be fitted to the beaker, sponge, and MGS data points: starting from the
vegetative bacteria and finishing with bacteria spores, with virus and their sur-
rogates in the middle. As expected the bacteria spores are the most resilient to
the thermal microwave irradiation stress. Using this knowledge, and as the trend-
line progresses, the variance only increases around MGS decontamination points,
indicating the possible presence of independent variables, such as respirator-type;
water reservoir type (open water bath, bag or sterilizer), oven type (greatest va-
riance is where 2 cavity-magnetrons are employed). Note that the beaker and sponge
data points fit on a trend-line with an R* value of 0.896 indicting a strong associ-
ation. With this analysis, it is reasonable to propose that the high degree of water
absorption and retention (approximately 90% by volume) within the soaked sponge

volume behaves like the beaker microorganism suspensions where the suspension

6
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Figure 7. The microwave inactivation (=4 log,,) data presented in Figure 5 and Figure 6,
is now presented using a thermodynamic analyses approach, were the process energy
budget is plotted against specific energy density of liquid suspension (kJ-ml™). E. coli beak-
er; open circles (100 to 300 W [13]). E. coli and B. subtitles beaker; open diamond (600 W
[14]). E. coli, MS2, B. cereus and B. cereus spores inoculated sponge; open squares (1.05 +
0.050 kW [15]). E. coli inoculated kitchen scrubbing pad: open squares (1.05 = 0.050 kW
CW [15]). MGS decontamination of N95-like respirators using: open triangles (0.75 to
1.8 kW [23]-[28]). Least square tend-line excludes the two outliers (red filled square and
triangle).
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is retained by means of beaker containing wall. Finally there does not appear to
be a duty cycle dependency which would suggest that cell wall disruption is masked
by the thermal microwave irradiation.

As regards to the outliers: the scrubbing pad (red square) is excluded from the
trend-line due to its poor water and absorption and retention properties (approx-
imately 26% by volume), in addition the 2 cavity-magnetron data point (red tri-
angle) is excluded due to the high rated power used (1800 W) and the bi-direc-
tional applied power (top and bottom) [30]. Not shown in Figure 7 is the 1 to 10
ml of microorganism suspension used to inoculate towels [17], syringes and cig-
arette filters [15] [19], due to the inevitable outcome being a relative and dispro-
portionate high energy density value, compared to the beaker, sponge and MGS
outcomes. This is because the low volumes used were intended to simulate real-life
health care environments and within populations of PWID: where a relative high
fraction of the fomite (glass, plastic, or gauze) undergoing dielectric volume heat-
ing.

The use of Looyenga’s heterogeneous binary formula may assist in the under-
standing of microwave sterilization of used syringes [15] [19] and used towels
[17], where the volume (mass) fraction of suspension liquid (a) is smaller than
both the fomite volume and mass. This aspect of Looyenya’s formula may be used
as an exclusion criterion, where the fomite fraction is likely to be 95% to 99%.
For this reason, the inactivation (24 log,,) data obtained for: used towels, scrub-
bing pads, syringes, and cigarette filters are collected separately and presented in
Table 8 that includes an estimation of suspension plus the unknown additional
water content for the moist towel. Notwithstanding the lack of moisture content
knowledge within the towel, the available data shows that the empty used syringe
provides the highest process energy budget. This limited data suggests the near-
empty plastic syringe has a low rate of microwave energy absorption compared to
the other fomites containing water. From a HCV and HIV infection prevention
perspective, it would appear that placing the contaminated near-empty syringes
in an open water bath prior to microwave treatment; thereby help standardized

sterilization protocols within PWID populations.

Table 8. Inactivation (>4 log,,) data obtained for used: towel, scrubbing pad, syringe, and cigarette filter.

Fomite—microorganism Power Time Process energy Suspension
[reference] W) (t) budget (k) (moisture content plus water)
Moist towel—S. aureus, P. aeruginos .
. 500 120 60 1 ml (moisture? +50 ml)
and C. albicans [17]
Scrubbing pad—E. coli [15] 1050 60 63 10.94 ml
Used plastic syringe—E. coli [15] 1050 240 252 empty
Insulin syringe—HCV [19] 360 180 64.8 40 ml
Insulin syringe—HIV [19] 360 180 64.8 40.ml
Cigarette filter—HCV [19] 360 180 64.8 >0.5 ml [59]
Cigarette filter—HIV [19] 360 180 64.8 >0.5 ml [59]
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7. Summary and Outlook

This paper has reviewed three interactions between microwave energy and mi-
croorganisms (bacteria, fungi, and viruses). The interactions are characterized
by their electrical power, mode of power delivery (mono-mode 50-Ohm transmis-
sion-line, the feed-horn illumination, and multimode microwave oven), and mi-
croorganism outcome (in-vitro contaminated human blood detection, cell-wall
disruption, and inactivation). In the latter case, the purpose of inactivation was
not only to kill the virus, but also to re-use the decontaminated fomite (HCV and
HIV contaminated syringe and cigarette filter, and influenza virus contaminated
N95-like respirator). For this dual requirement, the applied energy in the form of
dielectric volume heating needs be to sufficient to kill the virus but not sufficient
to damage the fomite.

Given these requirements, the three microwave energy processes relate to the
following. For in-vitro virus-contaminated blood detection: 0 to 10 dBm @ 2 to
8.5 GHz; for feed-horn illumination and inactivation: 1 to 6.5 W @ 8 to 26 GHz
at the feed-horn illumination an applied power density of 10 to 100 mW ™ at the
virus suffice. The third energy process that is within a multi-mode microwave
oven uses 100 s of W @ 300 to 1800 W @ 2.45 GHz for inactivation, with temper-
ature control between 70°C to 100°C for reuse purposes.

Mechanisms for the three microwave interactions are also discussed. Swept
frequency analysis of transmission-line terminated with a non-50-Ohm virus
load, chemical cellular lysis, and microwave resonant absorption causing cell
wall rupture. In addition, the examination of the thermodynamics of input and
output process energy budget has been performed with the aim of revealing the
inactivation mechanisms in different microorganism suspension volumes and the
inactivation of microorganisms on and within different fomites (kitchen sponge,
scouring pads syringes cigarette filters and N95-like respirators). To this end, the
size of microorganism suspension, geometry, and location within microwave oven
have been discussed. Looyena’s heterogeneous binary mixture formula may help
in the understanding of how fomites influence the microwave inactivation out-
come.

The overall conclusion from this study is that the mechanism of microwave
interaction with microorganisms is complex and is clearly dependent on the mi-
croorganism type, along with the treatment time and the level of energy im-
parted by the microwave source. As regards the outlook of the work, there are
many research questions that remain to be investigated, two of which are listed
here.

1) In the case of the microwave swept frequency of healthy and infected blood
studies, it would useful to undertake a lumped (inductor, capacitor, and resister)
linear circuit analysis [49] [50] of the non-biological components (transmission-line
and test chamber) and compare them to the physiochemical components of the
healthy and infected blood. Here is hoped that the LCR elements may provide
and insight into the shape and depth of the zeros.
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2) The reduced information within the energy phase-space projection of the

multi-mode microwave oven inactivation data provides a degree of clarity in the

microorganism inactivation process. Here it may useful to use multi-variant tools,

such as principal component analysis [75], to differentiate further between the in-

dependent variables (number of cavity-magnetrons used and the direction of illu-

mination, fomite, and microorganism). The score information could then be used

to standardize future multi-mode microwave oven studies.
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